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Abstract The aim of this study was to perform a comparative
investigation of the actions of three mutagens that are widely
used in plantmutagenesis using the comet-FISH technique. The
comet-FISH technique was used for the analysis of DNA
damage and the kinetics of repair within specific DNA se-
quences. FISH with rDNA and telomeric/centromeric DNA
probes was applied to comets that were obtained from an
alkaline/neutral comet assay. Migration within specific DNA
sequences was analysed after treatment with two chemical
mutagens-maleic hydrazide (MH) and N-nitroso-N-methylurea
(MNU), and γ-rays. Barley was used as a model plant in this
study. The possible utility of specific DNA sequences in a
comparative assessment of the distribution of DNA damage
within a plant genome was evaluated. This study proved that
the comet-FISH technique is suitable for a detailed quantifica-
tion of DNAdamage and repair within specific DNA sequences
in plant mutagenesis. The analysis of FISH signals demonstrat-
ed that the involvement of specific DNA sequences in DNA
damage was different and was dependent on the mutagen used.
We showed that 5S rDNA and telomeric DNA sequences are
more sensitive to mutagenic treatment, which was expressed by
a stronger fragmentation and migration in comparison to the
other probes used in the study. We found that 5S rDNA and
telomeric DNA probes are more suitable for testing the
genotoxicity of environmental factors. A comparison of the
involvement of specific chromosome domains in direct DNA
breakage/repair and in chromosome aberration formation after
mutagen treatment indicates the compatibility of the results.
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Introduction
The comet assay has been widely accepted as a reliable marker
for DNA damage (Collins 2004). It has become an important
tool in the assessment of environmental genotoxicity (Fairbairn
et al. 1994; Cotelle and Férard 1999; Poli et al. 1999; Restivo
et al. 2002). The comet-FISH technique enables the localisation
of a specific chromosome, regions of chromosomes or specific
genes within the comets (Collins 2004). Thus, it allows DNA
damage and the repair rate within the specific DNA sequences
and their sensitivity to various damaging agents to bemeasured.
One of the most promising areas for comet-FISH is the study of
the sensitivity of individual genes and chromosome regions,
especially in human and animal cells.
Our previous work was the first report on the application of
FISH to comet preparations from plants after mutagenic treat-
ment. Following the comet-FISH technique, the quantification
of the involvement of rDNA sequences was achieved through
an analysis of the distribution of FISH signals between the
head and the tail, as well as the morphology of the comets. The
results helped DNA damage and repair distribution in a plant
genome within rRNA genes to be understood (Kwasniewska
et al. 2012).
By providing additional information regarding the distri-
bution of DNA damage, comet-FISH may be helpful in better
understanding the biological impact of genotoxic effects in
plants. An analysis of the sensitivity of specific DNA se-
quences to mutagens and repair effectivity is very promising
for plant mutagenesis and the assessment of environmental
genotoxicity (Kwasniewska et al. 2012). The centromeric,
telomeric and rDNA sequences representing repetitive DNA
are most often used as probes for FISH in plant cytogenetics.
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Due to the lack of chromosome-specific DNA sequences, the
application of region-specific sequences enables the analysis
of breakpoints. These were previously used for the analysis of
the specific localisation of mutagen-induced chromosome
aberrations.
In our previous papers (Juchimiuk et al. 2007; Juchimiuk-
Kwasniewska et al. 2011), we quantitatively analysed the in-
volvement of specific DNA sequences in micronuclei induced
using N-nitroso-N-methylurea (MNU), maleic hydrazide (MH)
and γ-rays in order to compare the possible origin of the
micronuclei induced by these mutagens in barley. The analysis
of the micronuclei with signals of the investigated DNA probes
showed differences between the frequencies of MH-, MNU-
and γ-ray-induced micronuclei with specific DNA signals.
Nowadays, the application of comet-FISH makes it possible
to compare the chromatin domains that are involved in comet
formation with the localisation of chromosome aberrations.
The aim of the present study was to compare the involve-
ment of telomere, centromere and rDNA sequences in DNA
damage and repair induced by MH, MNU and γ-rays using
comet-FISH. The above mutagens, which are commonly used
in plant mutagenesis, are characterised by different mecha-
nisms of action. MH is a clastogenic agent that can lead to
chromosome breaks. It can also cause spindle fibre defects.
MNU is an alkylating agent that mainly induces gene muta-
tions; however, it can also lead to chromosomal aberrations. A
γ-ray, which causes breaks in one or two chains of DNA, is
also routinely used in plant mutagenesis (Hagberg and
Persson 1968) and most barley mutant varieties were devel-
oped by applying this type of radiation. An attempt was also
made to check the usefulness of the above-mentioned DNA
sequences as probes to FISH for the assessment of the distri-
bution of the DNA damage, which is induced by the different
mutagens within a plant genome.
Material and methods
Material and treatment
Barley (Hordeum vulgare , 2n=14) seeds of the “Start” variety
were used. Two chemical mutagens and one physical one were
used. The mutagens doses used in the study were applied in
previous experiments in which chromosome aberrations were
estimated (Juchimiuk et al. 2007; Juchimiuk-Kwasniewska
et al. 2011). Two gamma radiation doses were employed:
175 Gy and 225 Gy. The irradiation was performed at the
International Atomic Energy Agency, Seibersdorf Laboratory,
Austria. After irradiation, the seeds were pre-soaked in distilled
water for 8 h and germinated in Petri dishes at 21 °C in the dark.
Before chemical treatment, the seeds of barley were pre-soaked
in distilled water for 8 h and then treated with MNU (2 mM or
3 mM; Sigma, CAS no. 684-93-5) or MH (3 mM or 4 mM;
Sigma, CAS no. 123-33-1) for 3 h. After the treatment, the
seeds were washed three times in distilled water and then
germinated in Petri dishes in the light. The nuclei were isolated
from the leaves of seedlings at 72 and 96 h post-treatment.
Seventy-two hours post-treatment is the earliest point at which
the leaves could be harvested. Ninety-six hours post-treatment
represents the duration of two cell cycles in H. vulgare .
Comet assay
The procedure for preparing the comets was as described by
Gichner and Plewa (1998), with modifications. After treat-
ment, individual leaves were placed in a small Petri dish on ice
and spread with 200 μl of a cold 400 mMTris–HCl buffer, pH
7.5. Using a fresh razor blade, each leaf was gently sliced into
the “fringe” to release nuclei into the buffer. Each slide, which
had previously been coated with 1 % NMP agarose (Sigma)
and dried, was covered with a mixture of 55 μl of a nuclear
suspension and 55 μl of LMP agarose (Sigma, 1 % prepared
with phosphate-buffered saline) at 40 °C and coverslipped.
The slide was placed on ice for at least 5 min and the coverslip
was removed. Then, 110 μl of LMP agarose (0.5 %) was
placed on the slide and the coverslip was remounted. After
5 min on ice, the coverslip was removed.
The comet assay procedure based on A/N conditions (al-
kaline denaturation/neutral gel electrophoresis) was applied,
according to the protocol previously established for barley
(Jovtchev et al. 2001). The slides were subjected to unwinding
in 0.03 M NaOH for 5 min. Then, the slides were washed
three times in TBE for 3 min each. Unwinding was followed
by electrophoresis in neutral conditions—in a 1× TBE buffer
(0.09M Tris-borate, 0.002M EDTA, pH 7.5) at 16 V (0.64 V/
cm) 17 mA at room temperature (RT) for 10 min. The elec-
trophoresis conditions used in the study were optimal, as they
have been proved to provide a low level of DNA damage in
the control cells and a linear concentration–response for the
induction of comets after chemical mutagenic treatment in
these species in earlier studies (data not presented). Then,
the gels were neutralised, washed, dehydrated and air-dried.
The slides were stained with 40 μl DAPI (2 μg/ml).
For each slide, 50 randomly chosen cells were analysed
under a fluorescence microscope with an excitation filter of
546 nm and a barrier filter of 590 nm. Each experiment was
repeated twice and then three slides were analysed per each
experimental group. The frequencies of H. vulgare nuclei with
tails were estimated. Data were analysed using the OriginPro
8.5.1 software (OriginLab Corporation, Northampton, MA,
USA). The mean values of frequencies of comets with tails
were analysed by a one-way analysis of variance (ANOVA)
test. If a significant F -value of P <0.05 was obtained, a
Dunnett’s pairwise comparison test between the treated and
control groups and between treated groups with different post-
incubation times was conducted.
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Fluorescence in situ hybridisation (FISH) on comets
FISH was applied according to the method described by
Kwasniewska et al. (2012), with some minor modifications.
Four DNA probes were used: (1) HT100.3: Arabidopsis-type
telomeric repeats ((TTTAGGG)n) labelled with rhodamine-4-
dUTP by polymerase chain reaction (PCR) (Roche); (2) CCS1:
centromere DNA isolated from Brachypodium sylvaticum
(Aragón-Alcaide et al. 1996) labelled with digoxigenin-11-
dUTP (Roche); (3) 5S rDNA isolated from Triticum aestivum:
pTa 794 (Gerlach and Dyer 1980) labelled with rhodamine-4-
dUTP using a PCR labelling kit (Amersham Life Sciences);
and (4) 25S rDNA isolated from Arabidopsis thaliana
(Unfriend and Gruendler 1990) labelled with digoxigenin-11-
dUTP by nick translation (Roche). HT100.3 and CCS1 were
used as probes in the first FISH experiment, whereas 25S and
5S rDNAwere used in the second one. The DNA of the nuclei
on the gels was denatured using a solution of 0.5 M NaOH and
Fig. 1 The frequencies of comets
with tails in H. vulgare after
treatment with MH, MNU and γ-
rays at 72 and 96 h post-treatment.
The errors bars represent the
standard deviations of the mean.
The capital letter A indicates that
the frequencies of the comets with
tails after treatments are
significantly different (P <0.05)
from the frequency of comets of
the control groups. The capital
letters B or D indicate that the
frequencies of the comets with
tails are significantly different
(P <0.05) within the same
treatment for different post-
incubation times
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1 M NaCl for 30 min at room temperature. Then, the gels were
washed four times for 5 min in dH20 and neutralised in 0.4 M
Tris–HCl for 30 min at room temperature. The denatured DNA
was dehydrated in an ethanol series (70, 90, 100%, 5 min each)
and the gels were air-dried. The hybridisation mixture, contain-
ing 2.5 μgmL−1 of labelled DNA, 50% (v/v) formamide, 10%
(w/v) dextran sulphate and 0.1 mg μL−1 salmon testes DNA in
2× SSC, was denatured at 75 °C for 10 min and immediately
placed on ice for a few minutes. The hybridisation mixture
(40 μl) was dropped onto each gel, covered with a coverslip
and incubated for 24 h at 24° in a wet-chamber. Before the
detection of the probes, the slides were washed for 10min in 2×
SSC, RTand 10min in 0.1× SSC, RT. The digoxigenin-labelled
probe was detected by using FITC-conjugated anti-digoxigenin
antibodies (Roche). After dehydration in the ethanol series, the
slides were mounted in a Vectashield medium (Vector) contain-
ing 6 μg mL−1 DAPI. Preparations were examined using an
Olympus Provis epifluorescence microscope and the appropri-
ate filter set. Images were captured using a Hamamatsu C5810
CCD camera and processed in Adobe Photoshop 4.0. The
distribution of 5S/25S rDNA and centromeric/telomeric signals
(comet head or comet tail) were recorded for each nucleus with
a tail. Of the comets with a tail that were examined, four
categories were distinguished based on the distribution of
FISH signals between the head and the tail. From the three
replicates of the treatment experiment, 30 comets were analysed
for each from the five slides.
Results and discussion
Comet assay
MH,MNUandγ-ray treatment led to comet formation under the
A/N procedure. Significantly higher frequencies of H. vulgare
nuclei with tails were observed after treatment with themutagens
as compared to the controls (Fig. 1). The frequency of control
nuclei with tails was very similar at 72 and 96 h post-treatment—
about 20 %, whereas after mutagenic treatment, it was 56.6–
100%. Comparison of the frequencies of nuclei with tails varied
for different mutagens in the doses applied. MNU induced DNA
fragmentation in all of the cells analysed. The lowest frequency
of cells with tails was observed after treatment with 175Gy ofγ-
rays, whereas all of the nuclei had tails if 225 Gy was applied.
The kinetics of DNA damage repair after chemical and physical
treatment was analysed after the application at 72 and 96 h post-
treatment. A significant decrease in the frequencies of nuclei
with tails was observed after MH, γ-ray and 2 mM MNU
treatment. An application of the post-treatment recovery time
did not lead to a decrease in the frequencies of comets with tails
that were induced by 3 mMMNU. The kinetics of DNA repair
after the exposure of seedlings to alkylating agents and to γ-rays
was previously determined by Gichner et al. (2000). DNA
lesions in leaf cells induced by alkylating agents were not
repaired within 4 weeks, whereas the leaf nuclei from cells
exposed to γ-rays expressed complete DNA repair after 24 h
post-treatment. In this study, DNA damage caused by γ-rays in
barley was not completely repaired, even at 96 h post-treatment;
however, only seeds not seedlings were treated. Nevertheless,
the differences in the kinetics of DNA repair between γ-ray-
induced versus alkylation-induced damage were also observed
in our studies.
Distribution of FISH signals on comets
Comet-FISH with 5S/25S rDNA and telomeric/centromeric
probes was used to compare the distribution of these se-
quences into the comet tail and head after MH, MNU and γ-
ray treatment. rDNA signals were distributed in both the head
and the tail of the control and treated cells. A quantitative
examination of the comet-FISH results was not possible due
to the presence of a number of small signals, as well chains of
signals. The number of FISH foci in control cells was as
expected. The high number of small signals, more than
expected from the barley chromosome number (2n=14), in-
dicates that fragmentation occurs often within the applied
sequences. Due to the similar appearance of the comets with
DNA sequences, scoring of the FISH signals was also not
possible in our previous work (Kwasniewska et al. 2012).
In this work, we classified the comets into four categories











Fig. 2 Categories of comets (I–IV) in control and mutagen-treated cells,
distinguished based on the distribution of 25S rDNA (a–d) or 5S rDNA
(e–h)
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and the tail. We only considered the comets with a tail. The
classification was based on the distribution of 5S and 25S
rDNA, independently. Comets with the 5S or 25S rDNA only
in the head were classified as category I (Fig. 2a, e); comets
with rDNA signals in the head and in the ‘halo’were classified
as category II (Fig. 2b, f); comets with rDNA in the head,
‘halo’ and the tail were classified as category III (Fig. 2c, g);
and comets with the rDNA signals in the ‘halo’ and the tail
were classified as category IV (Fig. 2d, h).
Only comets in categories I and II were observed in the
control (Fig. 3). Differences in the frequencies of the comets in
categories I–IV based on the distribution of 5S and 25S rDNA
induced by different mutagens were observed. However, after
all treatments, comets with 5S rDNA in the tail were observed
more often than comets with 25S rDNA (Fig. 3). These results
are in agreement with our previous statement about the different
sensitivity of rDNA sequences (Kwasniewska et al. 2012). 5S
rDNA was involved in comet formation more often than 25S
rDNA using treatment with MH in Crepis capillaris cells. We
can now extend the differences in the behaviour of 5S and 25S
rDNA to other mutagens and plant species, thus emphasising
that the concept is generalised. Avery similar distribution of the
comet categories with 25S rDNA was observed following
treatment with MH andMNU at 72 h post-treatment. The same
comet categories, namely, I–III (no comet category IV), were
observed ifγ-rays were applied; however, higher frequencies of
Fig. 3 The frequencies of comets classified as categories I–IV, distinguished based on the distribution of 5S and 25S rDNA FISH signals after treatment
with MH, MNU and γ-rays at 72 and 96 h post-treatment
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comet category II and lower frequencies of comet category III
were observed in comparison to both chemical treatments.
Therefore, a lower sensitivity of 25S rDNA to a physical then
to a chemical treatment can be suggested. The frequencies of
comet categories were generally unchanged with respect to
mutagen doses. However, following mutagenic treatment, the
frequencies of comet categories at 72 h post-treatment differed
from those at 96 h post-treatment. The reversibility of 25S
rDNA damage depended on the mutagen dosages. Effective
repair processes were confirmed only for lower doses of the
mutagens.
A totally different behaviour of 5S rDNA in comparison to
25S rDNA was observed after the applied treatments. No
comets in category I and high frequencies of comets in cate-
gory III were observed at 72 h post-treatment. Moreover, in
contrast to 25S rDNA, differences in the frequencies of 5S
rDNA-bearing comets were observed for MH, MNU and γ-
rays. This might suggest that the level of the fragmentation of
5S rDNA sequences is dependent on the mutagen type. In the
MH-treated cells, only comets in category III were observed.
Comets in categories II and III were observed in 2 mMMNU-
treated cells, whereas comet categories III and IV were ob-
served in 3 mM MNU-treated cells. Comet categories II and
III occurred in the γ-ray-treated cells; however, a weaker
fragmentation of 5S rDNA than after treatment with MNU
was observed. Differences in the frequencies of the comet
categories with 5S rDNA were seen at 72 and 96 h post-
treatment for all mutagens at selected doses (Fig. 3), which
indicates the reversibility of 5S rDNA damage.
We conclude that 5S rDNA sequences are more sensitive to
mutagenic treatment than 25S rDNA. The effect of treatment
within the 5S rDNA sequences is different for the applied
mutagens. We suggest that 5S rDNA sequences are suitable to
test the genotoxicity of mutagens, including environmental
factors. In contrast, the predictable behaviour of 25S rDNA
independent of treatment was observed. The differences in the
response of 5S and 25S rDNA to mutagens may be explained
by the involvement of 25S rDNA in the formation of the
nucleolus and differences in chromatin structure. As a conse-
quence, the involvement of 25S rDNA in comet formation
does not seem to be a suitable indicator of the DNA-damaging
effects of mutagens, especially as compared to the distribution
of DNA damage within the plant genome that is induced by
the different mutagens.
We also classified the comets into four categories based on
the distribution of telomeric and centromeric DNA sequences,
independently (Fig. 4). The classification was set like the one
for rDNA. Only comet categories I and II were observed in the
control (Fig. 5). The same comet categories based on the
distribution of centromeric DNA were observed for all treat-
ments with similar frequencies. In contrast, significant differ-
ences in the frequencies of the four categories based on the
distribution of telomeric DNA were observed between the
MH-, MNU- and γ-ray-induced comets. Comet categories II
and III were the most common for all treatments. However,
comet category IV occurred only in MNU- and γ-ray-treated
cells. From the mutagens used in this study, γ-rays induced
comet categories III and IV with the highest frequencies.
Comets in category I were present only in MH-treated cells.
To summarise, the telomere regions of chromosomes were the
most fragile after treatment with γ-rays, thenMNU and, finally,
MH. Surprisingly, differences in the frequencies of the comet
categories were seen at 72 and 96 h post-treatment, therefore,
the irreversibility of DNA damage within telomeric and cen-
tromeric DNA caused by the mutagens is stated.
These results indicate that telomeric DNA sequences are
involved in comet formation more often than centromeric
ones, which indicates that breaks occur in/or near the telomere
sequences. It needs to be kept in mind that telomeres need
only one break to generate a fragment, which is then able to
migrate in the electric field. By contrast, centromeres need two
breaks to form a fragment that can migrate to the tail.
In view of the results, the organisation of the centromeric
and telomeric DNA in the nuclei needs to be underlined. Rabl
orientation with a polarity of centromeres and telomeres was
observed in barley (Dong and Jiang 1998). It is known that













Fig. 4 Categories of comets (I–IV) in control and mutagen-treated cells,
distinguished based on the distribution of telomeric (a–d) or centromeric
(e–h) FISH signals
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whereas centromeres are not attached to the nuclear membrane.
However, these features do not prove the better mobility of
telomeric DNA than centromeric DNA. The differences can be
explained by the presence of ‘hot spots’ in/near the telomere
DNA sequences during a mutagenic attack or the specific
location of these sequences at the end of chromosomes. The
study using comet-FISH of Santos et al. (1997) showed that
centromere probes hybridised in a completely different manner
than that of telomere probes. Telomeres were concentrated on
the main nuclear area near the nuclear membrane, probably due
to the specific chromatin structure and the attachment to the
nuclear membrane in plant cells (Rawlins et al. 1991). The
telomere signals were also present in the tails—some pieces of
DNA ran out of the nucleus. No differences in the distribution
of centromeres and telomeres were observed in our studies. Our
results give an insight into the breakage sensitivity of telo-
meres, which is of great importance for the stability of the
genome. The loss of telomere sequences may lead to a
destabilisation of the genome. Reports that indicate telomeres
as points of mutagenic attacks are well known (Slijepcevic et al.
1998; Boei et al. 2000). Using comet-FISH, it was shown that
telomeric repeats are more fragile compared to the total DNA
(Arutyunyan et al. 2005).
Comet-FISH also makes it possible to compare the in-
volvement of specific DNA sequences in comet formation
with the localisation of other endpoints of genotoxicity, e.g.
chromosome aberrations. It should be underlined that not all
initially mutagen-induced chromatin breaks are observed as
Fig. 5 The frequencies of comets classified as categories I–IV, distinguished based on the distribution of centromeric and telomeric FISH signals after
treatment with MH, MNU and γ-rays at 72 and 96 h post-treatment
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chromosome aberrations, as they can restitute due to repair
processes. Comet-FISH hybridisation is as sensitive and re-
producible as FISH on chromosome preparations (Rapp et al.
2000). An application of FISH with rDNA sequences as
probes in a micronuclei (MN) characterisation showed that
5S rDNA-bearing chromosomes are involved in the formation
of chromosome aberrations more often than NOR-bearing
chromosomes (Juchimiuk-Kwasniewska et al. 2011). The re-
sults of this study confirmed that 5S rDNA was more fre-
quently subjected to DNA damage.
Studies on the origin of MH-, MNU- and γ-ray-induced
micronuclei using the MN test with FISH and telomere- and
centromere-specific probes were also done previously by our
group (Juchimiuk et al. 2007). We found that micronuclei
most often originated from terminal fragments; however, the
involvement of telomere-specific sequences differed between
the applied mutagens. Micronuclei with telomeric DNAwere
most frequently observed after γ-ray treatment (81 %) than
MNU (28 %) and less frequently in MH-treated cells (10 %).
Similarly, in this study, the telomeric DNA sequences were
most often involved in comet formation after treatment with
γ-rays and less often in MH-treated cells.
The differences regarding the involvement of specific
DNA sequences in DNA damage that is induced by the
applied mutagens could be related to their different mecha-
nisms of action. MH is a clastogenic agent that can lead to
chromosome breaks. It can also cause spindle fibre defects.
MNU is an alkylating agent that mainly induces gene muta-
tions; however, it can also lead to chromosomal aberrations.
The applied chemical mutagens act in different phases of the
cell cycle: MH in the S-phase and MNU in the G2 stage
(Maluszynska and Maluszynski 1983).
In conclusion, this is a report on a comparative investiga-
tion of the action of three mutagens using the comet-FISH
technique in plant cells. We showed that the involvement of
specific DNA sequences in DNA damage is dependent on the
mutagen used. Among the DNA sequences used as probes for
comet-FISH, 5S rDNA and telomeric DNA sequences should
be preferentially used in any analysis of the DNA-damaging
effects of environmental mutagens in order to gain a better
understanding of their mechanisms of action. The comparison
of the involvement of specific chromosome domains in direct
DNA breakage/repair, and in the formation of chromosome
aberrations after mutagen treatment, showed the compatibility
of the results. However, it needs to be stressed that chromo-
some aberrations are the final result of mutagenic treatment,
after taking into account the repair processes. Comet-FISH
enables the analysis of direct DNA damage within specific
DNA sequences. Additionally, the examination of this effect
within the post-treatment time allows an analysis of the repair
effectivity. To summarise, the comet-FISH approach is suit-
able for the detailed quantification of the DNA damage and
repair within specific DNA sequences in plant mutagenesis.
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